Burkholderia cepacia AMMDR1 is a biocontrol agent that protects pea and sweet corn seeds from Pythium damping-off in field experiments. The goal of this work was to understand the effect of B. cepacia AMMDR1 on Pythium aphanidermatum and Aphanomyces euteiches zoospore homing events and on infection of pea seeds or roots. In vitro, B. cepacia AMMDR1 caused zoospore lysis, prevented cyst germination, and inhibited germ tube growth of both oomycetes. B. cepacia AMMDR1 also reduced the attractiveness of seed exudates to Pythium zoospores to nondetectable levels. However, when present at high levels on seeds, B. cepacia AMMDR1 had little net effect on zoospore attraction, probably because it also enhanced seed exudation. Seed-applied B. cepacia AMMDR1 dramatically reduced the incidence of infection by Pythium zoospores in situ compared with an antibiosis-deficient Tn5 mutant strain. This mutant strain also decreased Pythium infection incidence to some extent, but only when the pathogen inoculum potential was low. B. cepacia AMMDR1 did not affect attraction of Aphanomyces zoospores or Aphanomyces root rot incidence. These results suggest that B. cepacia AMMDR1 controls P. aphanidermatum largely through antibiosis, but competition for zoospore-attracting compounds can contribute to the effect. Differences in suppression of Aphanomyces and Pythium are discussed in relation to differences in the ecology of the two pathogens.
Biological control of soilborne pathogens offers a promising alternative to synthetic pesticides, in part because it is perceived as safe to the environment and to the consumers of the plants that it protects. The commercial success of biocontrol agents is expected to increase when some of its problems, such as inconsistency in performance, are improved (17) . Some of the inconsistencies result from the nature of biocontrol: it is the outcome of complex interactions involving the plant, the biocontrol agent, the pathogen, and the physical and biological environments. Although in recent years exciting progress has been made in elucidating aspects of biocontrol interactions, such as the in situ production of antibiotics and siderophores (18, 28) , the involvement of stationary-phase regulators in antibiotic production (29, 50, 52, 53) , communication with rhizosphere bacteria through quorum sensing (42, 44) , and the importance of the host component in the interactions (56) , in many systems we do not yet understand all the components of disease suppression or the mechanisms involved.
Most research on the mechanisms of bacterium-mediated biocontrol has focused on antibiotics and siderophores (21, 61) . Although biocontrol assays with Tn5 mutants have shown that siderophores and especially antibiotics often account for most of the biocontrol effect, the ecology of some pathogens offers opportunities for biocontrol through other mechanisms. In biocontrol of Pythium damping-off, protection of a seed or young seedling can be accomplished by inundative application of a biocontrol agent. This allows for antagonism through competition for host exudates, as different Pythium species generally depend on seed exudates for either oospore germination (58) , sporangial germination (35) , or zoospore attraction towards the host (14) . Biocontrol can be the result of competition for stimulants of sporangial germination, such as linoleic acid (63) ; inducers of oospore germination (16, 60) ; or zoospore attractants, such as ethanol, acetaldehyde, amino acids, and sugars (40, 65) . Although these are some examples of biocontrol due to a combination of competition and antibiosis, little work has focused on partitioning the effects of each process in a single system. Antibiotic-deficient mutants often have substantially reduced biocontrol effects, but the mutant phenotypes generally do not account for all biocontrol activity. The literature on antibiosis-and/or siderophore-deficient mutants indicates that in over 90% of the more than 35 biocontrol interactions studied, a residual effect was observed (22) , suggesting involvement of additional mechanisms of biocontrol. The proportion of the biocontrol effect not explainable by the mutant phenotype was more than 20% in 72% of the cases and more than 40% in 42% of the cases. Residual biocontrol activity was attributed to uncharacterized antibiotics or siderophores, lytic enzymes, and induction of systemic resistance in some but not all of the cases. Therefore, as suggested by most of the authors, the effects may have resulted from competition for space or nutrients. Moreover, since biocontrol is often tested at pathogen inoculum levels at which the pathogen-only treatment results in high levels of disease, mechanisms such as competition, which might operate only at lower pathogen inoculum levels, can be overlooked. The widespread inability to ascribe biocontrol activity to single mechanisms in so many different systems motivated us to study this phenomenon in more detail and to evaluate it at different pathogen inoculum levels.
The objectives of this study were to evaluate the effect of a biocontrol agent on zoospore homing and infection of host seeds or roots by two oomycete plant pathogens and to assess the relative importance of antibiosis and nutrient competition in biocontrol during these early events. We compared the ac-tivity of an antibiosis-positive parent strain with that of an antibiosis-deficient, seed-and root-colonizing mutant strain for (i) direct effects on the pathogens and (ii) indirect effects on zoospore attraction to seed exudates and on zoosporemediated seed or root infection. The biocontrol system described in this work involves Burkholderia cepacia AMMDR1, a bacterial biocontrol agent selected for its activity against Pythium spp. and Aphanomyces euteiches on peas (Pisum sativum L.) (6, 26, 37, 39) .
MATERIALS AND METHODS
Organisms. B. cepacia AMMD was isolated from the rhizosphere of peas grown in the Aphanomyces root rot nursery at the Arlington Agricultural Experiment Station (Arlington, Wis.) (39) . This organism has been referred to as Pseudomonas cepacia AMMD (6, 26, 37, 39) , B. cepacia AMMD (27, 46) (46) . It contains a single Tn5 insertion, its siderophore and protease production are not affected, and it has the same doubling time in the pea spermosphere as the parent strain (46) . Treatment of pea seeds with bacteria consisted of mixing seeds with bacteria scraped from 2-day-old TGE agar (5 g of tryptone, 1 g of glucose, 2.5 g of yeast extract, 15 g of agar, 1,000 ml of water) (3) cultures by using a ratio of 20 seeds per plate. Seeds were dried in a laminar flow cabinet for approximately 2 h before they were used in experiments. The numbers of bacteria per seed were determined by 30 s of sonication and 10 s of vortexing in a 10-ml water blank, followed by plating of serial dilutions on TGE agar, and were usually about 7.5 log CFU seed
Ϫ1
. Bacterial cultures were always started from Ϫ80°C stocks.
A. euteiches 467 (ϭ NRRL 29264) was isolated from a diseased pea plant collected in Washara County, Wis. Zoospores were produced by a slightly modified protocol of Parke and Grau (38) . Three agar plugs (no. 2 cork borer) were taken from the margins of an actively growing CMA culture and transferred to 25 ml of PG broth (38) . After 2 days of static incubation at room temperature (22°C), the medium was replaced with approximately 20 ml of autoclaved rinsing solution (a 1:1 mixture of water and lake water) and the preparations were rinsed two more times at 2-h intervals. Zoospores were used 12 to 14 h after the last rinse, when the concentrations were 1 ϫ 10 5 to 2 ϫ 10 5 zoospores ml
. Pythium aphanidermatum BP-01 (ϭ NRRL 29623) was isolated from a diseased bean plant from New Mexico. To generate zoospores, three agar plugs from the margins of an actively growing CMA culture were transferred to 25 ml of clarified V8 broth (47) and incubated statically for 24 h at 24°C. Mycelial mats were rinsed with sterile distilled water and incubated overnight, which allowed production of zoosporangia. The next morning, the mycelial mats were rinsed three times at 1-h intervals with the lake water solution described above. Zoospores were used 5 h after the last rinse, when the concentrations were approximately 5 ϫ 10 4 zoospores ml Ϫ1 . Exudate production. Exudates were generated by using commercial pea seeds (cultivar Early Perfection 77; Nunhems Seed Corp., Lewisville, Idaho). Seeds were surface sterilized for 5 min in full-strength Clorox (5.25% NaOCl) and rinsed four times in sterile water. Preliminary tests showed that seeds were completely disinfested and seed germination was not affected by this treatment. Seeds with damaged seed coats were discarded.
For bulk production of exudates, 50 surface-sterilized seeds were placed in a shallow layer of 50 ml of sterile water in a 2-liter Erlenmeyer flask. After 3 days of static incubation at 24°C, the remaining water (approximately 15 ml) was passed through a 0.45-m-pore-size polysulfone Millipore filter and used as the seed exudate in assays. Preliminary experiments indicated that filtration resulted in sterilization of the exudates. Undiluted exudate contained up to 2.8 mg of dry matter per ml.
For some experiments, exudates were produced from seeds treated with bacteria. Sets of five surface-sterilized seeds were either not treated or treated with B. cepacia AMMDR1 or 1324 and placed in 5-ml portions of water in 125-ml Erlenmeyer flasks. Flasks containing 5 ml of water were included as controls. After 3 days of static incubation at 24°C, the remaining liquid in each flask (about 2 ml) was transferred to microcentrifuge tubes and centrifuged for 20 min at 16,000 ϫ g, and the supernatant was passed through a 0.45-m-pore-size polysulfone Millipore filter and used as the exudate. In some of the experiments, the bacterial population size and the electrical conductivity (EC) of the exudate were determined at the end of the 3-day incubation period as described below. EC of seed steep water is highly correlated with seed exudation (36) , so this parameter was used to evaluate the effect of pretreatment of seeds with bacteria on seed exudation.
Effects of exudates from seeds pretreated with bacteria on zoospores, cysts, and germ tubes. Aphanomyces or Pythium zoospores or zoospore cysts (obtained by 30 s of vortexing of a zoospore suspension) were combined 1:1 in flat-bottom microtiter wells with water or with exudates from nontreated seeds or seeds pretreated with B. cepacia AMMDR1 or 1324. After 4 h of incubation at 24°C, 100 l of 4% gluteraldehyde and 10 l of 0.05% trypan blue in lactoglycerin (containing [per liter] 412 ml of lactic acid [85%], 296 ml of glycerin, and 292 ml of distilled water) were added to the wells. The numbers of zoospores, cysts, germlings, and lysed cells on the bottoms of the wells were counted by examining 100 random cells at a magnification of ϫ200 with an inverted microscope (19) . All experiments were conducted at least twice with a minimum of four replicates. Approximately 5.5 h after vortex-mediated encystment and following incubation at 24°C, germinated cysts were fixed with gluteraldehyde, and the germ tube lengths of randomly chosen spores were measured with an ocular micrometer. There were four replicates, and each replicate consisted of 10 spores in a separate microtiter well.
In vitro zoospore attraction assay. The zoospore attraction assay was based on the capillary root model, in which zoospore attraction to glass capillaries that are loaded with a test compound is evaluated (48) . The assay used was a modification of the agar-free version involving quantification of zoospores in open-ended capillaries (2) . Zoospores were diluted with sterile water to a concentration of 5 ϫ 10 4 spores ml
. Four 150-l aliquots of homogeneous zoospore suspensions were deposited into four flat-bottom microtiter wells; each well was a subsample. Within 2 min of distribution of the aliquots, one 2-l glass capillary (Drummond Scientific Corp., Broomall, Pa.) that previously had been loaded with the test substance was placed at a fixed angle in each of the microtiter wells. Capillaries were placed in the zoospore suspensions at 20-s intervals and suspended for exactly 2 min. Then the outer surfaces of the capillaries were wiped clean of zoospores, and the contents of each capillary were ejected into 98 l of 4% gluteraldehyde. For treatments in which a high number of attracted zoospores was expected, 20 l of the mixed suspension was pipetted into a different well along with 80 l of 4% gluteraldehyde. One additional fivefold dilution was made in treatments in which there were more than 1,500 zoospores capillary
. After dilution, 2 l of 0.05% trypan blue in lactoglycerin was added to each well to stain the spores and facilitate counting. Zoospores were allowed to settle to the bottoms of the wells and were counted at a magnification of ϫ100 with an inverted microscope. Examination of wells and capillaries with a dissecting microscope confirmed that all spores were expelled from the capillaries and ended up at the bottoms of the wells. All experiments were conducted at least twice with a minimum of three replicates.
The dose-response attractive effect of exudates on Aphanomyces and Pythium zoospores was determined in an attraction assay towards the following exudatewater dilution series: 1:0, 1:3.16, 1:10, 1:31.6, 1:100; and 1:316. The undiluted exudates each contained 1.47 mg of dry matter ml
. The assay was performed with two replicates and four subsamples. Differences in the dose responses between the zoospores of the two species were evaluated by performing a linear regression analysis of numbers of attracted zoospores on log 10 -transformed exudate concentration.
Bacterial incubation in exudates or on seeds and its effect on zoospore attraction. To determine the effect of bacterial incubation in exudates on zoospore attraction, exudate aliquots (5 ml) were placed into 125-ml Erlenmeyer flasks and inoculated with B. cepacia AMMDR1 or 1324 at a starting concentration of 4 ϫ 10 6 CFU ml of exudate
. Water aliquots served as controls. The exudates were incubated for 2 days at 24°C. After incubation, the exudates or water was transferred to microcentrifuge tubes and centrifuged for 20 min at 16,000 ϫ g, and the supernatants were passed through 0.45-m-pore-size Millipore filters. Each filtrate was diluted 20-fold with sterile water and used in zoospore attraction assays with Pythium and Aphanomyces zoospores. Bacterial population sizes were determined in the exudates by standard dilution plating on TGE agar. Electrical conductivity (EC) was measured by using 10-fold-diluted exudate samples and a YSI 3100 conductivity instrument (YSI Inc., Yellow Springs, Ohio). The experiments had a randomized complete block design with four replicates and time as the blocking factor. Each experiment was conducted twice. Depending on random distribution of the residuals, analysis of variance (ANOVA) was performed either with the zoospore counts or with the log 10 -transformed zoospore counts by using Minitab 12.1 (Minitab Inc., State College, Pa.). To test whether bacterial metabolites contained Pythium zoospore repellents, the same attraction assay was repeated with two extra treatments: exudates in which no bacteria had grown were diluted 20-fold with exudates in which bacteria (B. cepacia AMMDR1 or 1324) had grown. If a repellent was the cause of a lack of zoospore attraction towards seed exudates in which the bacteria grew, then the attraction towards the exudates subjected to the two extra treatments should have been strongly reduced compared to the attraction towards the exudates diluted with water. If the lack of zoospore attraction towards seed exudates in which the bacteria grew was due to metabolism of attractants and not due to production of a repellent, then diluting regular exudates with exudates in which the bacteria grew should not have resulted in a reduction in zoospore attraction. To test the effect of bacterial incubation on zoospore attraction over time, B. cepacia AMMDR1 was incubated in seed exudates as described above and samples were taken at zero time and after 4, 8, 12, 24, 48 , and 72 h. The samples were treated as described above, and samples that were diluted 50-fold were evaluated to determine their attractiveness to Pythium zoospores. There were four replicates per time period.
To test the capacity of the biocontrol bacteria to reduce the zoospore attractiveness of exudates while new exudates were released, the Pythium zoospore attractiveness to 50-fold-diluted exudates from B. cepacia AMMDR1-treated seeds or B. cepacia 1324-treated seeds was determined and compared to the attractiveness of 50-fold-diluted exudates from nontreated seeds. The experiment was conducted three times, and the experimental design was a randomized complete block design with a minimum of three replicates.
In situ dispersal assay with Pythium zoospores. Silica sand (Wedron Silica Company, Wedron, Ill.) was wetted to a gravimetric moisture content of approximately 5% with type I Milli-Q water and autoclaved for 1 h at 121°C. A single batch of sand that consistently allowed in situ dispersal of zoospores to untreated seeds was used for most experiments. The sand was autoclaved between experiments to prevent carryover of pathogen inoculum, which was checked by using noninoculated controls. After cooling, the sand was remixed and its moisture content was determined by drying samples at 105°C overnight. Based on the moisture content of the sand, polystyrene plastic cups (height, 8 cm; top diameter, 10.5 cm; bottom diameter, 9 cm) were filled with a quantity of sand that corresponded to 750 g of dry sand. Each cup was loosely covered with a plastic bag and incubated at 24°C for 3 days. Water was added to obtain a gravimetric moisture content of 13.6%. On the basis of a water retention curve generated for this sand, the soil water potential was Ϫ0.2 kPa and 72% of the pore space was waterfilled (effective pore diameter, 1,454 m). The moisture content was uniform throughout the profile and among the cups. Approximately 1 h after the water content was increased, seeds were planted in circles with either a 2-, 3-, or 4-cm radius (one ring per cup) and covered with 1.2 cm of sand. There were eight seeds in the 2-cm-radius rings and 10 seeds in the 3-and 4-cm-radius rings. Within each ring, the seeds were planted at equal distances with their radicles pointing down and facing the clockwise neighboring seed. The seeds were either not treated or treated with B. cepacia AMMDR1 or 1324. Approximately 5 h after seeds were planted, 1 ml of a suspension containing 5 ϫ 10 4 zoospores ml
was added at a depth of 1.5 cm to the center of each ring. The zoospores were added in two 0.5-ml aliquots with a Pasteur pipette. In a preliminary experiment, the in situ distribution of an added zoospore suspension was determined by twice depositing 0.5 ml of a 1% aqueous solution of trypan blue stain with the pipette and then sectioning horizontally and vertically through the deposition axis. The radius of the stained area was greatest at the location of the pipette tip. The maximum radius of the stained area was 6 mm, and the radius was relatively uniform for each depth. Negative controls consisted of cups that contained a 2-cm-radius ring of seeds and were inoculated with water. Positive controls consisted of cups that contained a 2-cm-radius ring of seeds and were inoculated at five equidistant points on a 1-cm-radius concentric ring with a fivefold-diluted zoospore suspension. After zoospore inoculation, the cups were loosely covered with plastic bags and incubated at 28°C. A preliminary experiment determined that this temperature allowed 100% infection in positive controls. Approximately 40 h after zoospore inoculation, the seeds were dug up, each seed coat and shoot were removed, and the cotyledons were separated, rinsed in 10 ml of water, blotted on sterilized paper towels, and plated with their flat sides down on 0.8% water agar (five seeds per plate). The plates were incubated at room temperature. One and 2 days after plating, every seed was checked for fungal outgrowth. For each cup, the percentage of seeds with fungal outgrowth was determined and used to calculate the average infection incidence, which was based on a minimum of four replicate cups per treatment. ANOVA was performed on arcsin of square root-transformed data. The experiment was conducted twice.
In situ dispersal assay with Aphanomyces zoospores. The in situ dispersal assay with Aphanomyces zoospores was similar to the assay described above for Pythium zoospores, and the modifications were related to the fact that Aphanomyces is a root pathogen, not a seed pathogen (8) . Silica sand was prepared as described above, but taller polystyrene cups (height, 14 cm; top diameter, 10.5 cm; bottom diameter, 9 cm) were used; each cup was filled with an amount of sand corresponding to 1,200 g of dry sand. Four days after the cups were filled, sand was brought to a gravimetric water content of 14.9% (-0.1 kPa; effective pore diameter, 2,908 m). Seeds were planted approximately 1 h later in rings with either 2-cm (8 seeds) or 3-cm (10 seeds) radii as described above for the assay with Pythium zoospores. The seeds were either not treated or treated with B. cepacia AMMDR1 or 1324. The cups were then incubated for approximately 46 h at 24°C. At 46 h, the average root length was 2.5 cm, as determined in a separate experiment. Aphanomyces zoospores were diluted to a concentration of 5 ϫ 10 4 spores ml Ϫ1 with water. One milliliter was pipetted into the center of each ring at a depth of 3.5 cm with a Pasteur pipette as described above. Negative and positive control treatments were similar to the treatments described above for the Pythium assay. The cups were loosely covered with plastic bags and incubated at 24°C for 2 days. Seedlings were carefully dug up and rinsed with tap water, and then they were incubated in moistened and rolled paper towels (four or five seedlings per paper towel). The paper towels were labeled and placed vertically in plastic test tube racks (20 towels per rack). The racks were placed in plastic tubs filled with deionized water so that the bottom 1 cm of the paper towels was submerged in the water. The seedlings were incubated at 24°C and checked every day for the next 7 days for Aphanomyces root rot symptoms. Typical symptoms were water-soaked, honey brown lesions spreading from the location where the root tip had been inoculated with zoospores. Seedlings with symptoms were removed from the rolled towels to prevent formation of zoosporangia and zoospore dispersal to neighboring seedlings. Noninoculated seedlings were placed between experimental seedlings to check for cross-contamination from infected seedlings. The design of the experiment was a completely randomized design with four replicate cups. For each evaluation day, the arcsin of square root-transformed data was subjected to ANOVA.
Bacterial populations on roots were determined 2 h after zoospore inoculation. Four random seedlings were dug up, and the size of the B. cepacia 1324 or AMMDR1 population was determined for the 1-cm root section closest to the root tip. Root sections were sonicated for 30 s and vortexed for 10 s in 10-ml water blanks, and this was followed by plating of serial dilutions on selective TBTR medium (20, 27) .
Timing of in situ zoospore dispersal. A dispersal assay was conducted with Pythium zoospores to confirm that zoospores, not cysts, were the infective units and to provide information on the time available for in situ metabolism of attractants by the bacteria. The assay was similar to that described above, except as follows. Seeds were planted only in 3-cm-radius rings. The cups were inoculated with zoospores in the center of each ring, but at zero time and 1, 2, 4, 8, 22, or 48 h later the central core of moistened sand within each ring of seeds was removed with a hollow plastic cylinder (diameter, 4.8 cm). When this cylinder of sand was removed all zoospores that had not dispersed to the seeds were removed from the system. Also, potential infection of seeds by mycelia arising from cysts germinating some distance from the seeds was prevented. After 48 h of incubation, seeds were dug up and plated as described above to determine the infection incidence. There were four replicates for each time point, and the experiment was conducted twice.
Zoospores from the same batch were placed in flat-bottom microtiter wells, and zoospore motility in vitro was determined over time. The proportion of 
a Longevity was calculated as follows: (average number of zoospores/total number of spores) ϫ 100, as determined 4 h after zoospores and either water or exudates from nontreated seeds or seeds pretreated with bacteria were combined. The percentage of lysed cells did not exceed 2% in treatments without B. cepacia AMMDR1. In the treatment with B. cepacia AMMDR1, the minimum percentage of lysed cells was 94%.
b Average percentage of germinated cysts 4 h after cysts and either water or exudates from nontreated or bacterium-treated seeds were combined. The effect of B. cepacia AMMDR1 on germination of Pythium cysts was more difficult to represent than the effect of this bacterium on the germination of Aphanomyces cysts. Most Pythium cysts in the preparation treated with B. cepacia AMMDR1 initiated germination (78%), but then growth quickly stalled (see data for germ tube growth). Similarly, exudates from nontreated seeds had effects on germ tube morphology but had little effect on the incidence of Pythium cyst germination (data not shown). Therefore, we chose to quantify the effects of seed exudates on germ tube length.
c Average germ tube length measured 5.5 h after vortex-mediated encystment of zoospores. The effect of B. cepacia AMMDR1 on Aphanomyces germ tube length was even greater than the effect on Pythium, considering that there were few or no germinating cysts (see data for Aphanomyces cyst germination). However, quantifying the effects of the other exudate treatments on germ tube length was difficult due to greater branching of the germ tubes.
d Within each column, values followed by the same letter are not significantly different according to Tukey's multiple comparisons on arcsin-(square root)-transformed values (P ϭ 0.05).
motile zoospores was determined at each time point by fixing spores in two of the wells and counting the number of zoospores in samples of 100 propagules (zoospores, cysts, and germlings).
Effect of seed exudation level on the incidence of zoospore-mediated infection. Low-exuding and high-exuding seeds were selected from a large population based on the EC of the steep water. Seeds were individually steeped in 5 ml of water for 4 h. Seeds with steep water EC of 40 to 70 S cm Ϫ1 were considered low exuding, and seeds with steep water EC of 120 to 140 S cm Ϫ1 were considered high exuding. Seeds were redried to a moisture content of 10% (dry weight basis) in a laminar flow hood before they were used in an in situ zoospore dispersal assay with Pythium zoospores. To test whether seeds exhibited the same exudation pattern after in situ reimbibition, five seeds with an exudate EC out of each 10-S cm Ϫ1 interval between 40 and 170 S cm Ϫ1 were selected and reimbibed for 4 h, and then the ECs were determined. The correlation coefficient between the ECs obtained after the first and second imbibitions was used as an indication of the relevance of the selection procedure. The weights of high-and low-exuding seeds were compared to test the hypothesis that the weights of highand low-exuding seeds differed. The attraction assay used was a modified version of the standard assay performed with a ring of seeds. One high-exuding seed and one low-exuding seed were planted 8 cm away from each other on opposite sides of a central inoculation point. Pythium zoospores were inoculated at one of two inoculum levels: 2 ϫ 10 4 zoospores ml Ϫ1 (high) or 2 ϫ 10 3 zoospores ml Ϫ1 (low). There were 10 replicates. For each inoculum level, differences in the incidence of infection between high-and low-exuding seeds were analyzed with the McNemar test (10) .
RESULTS
Effects of exudates from seeds pretreated with bacteria on zoospores, cysts, and germ tubes. Exudates from nontreated seeds stimulated zoospore encystment, cyst germination, and germ tube growth. In exudates of seeds pretreated with B. cepacia AMMDR1, zoospores lysed within minutes, cysts did not germinate, or germ tube growth was severely restricted compared to the effects in water or in exudates from nontreated seeds ( Table 1) . For the most part exudates from seeds pretreated with B. cepacia 1324 had effects on zoospores and cysts similar to those of exudates from nontreated seeds.
Effect of seed exudate concentration on Aphanomyces and Pythium zoospore attraction. Pythium zoospores were much more strongly attracted to the exudates than Aphanomyces zoospores were (Fig. 1) . Relatively small increases in zoospore attraction were observed for both oomycetes at exudate concentrations greater than 0.5 mg ml Ϫ1 . Linear regression of number of zoospores versus log 10 -transformed exudate concentration was highly significant for both oomycetes. A comparison of the slopes and intercepts, as well as a simultaneous comparison of the slopes and intercepts of the two regression lines, revealed that each was highly significantly different (P Ͻ 0.001 for each comparison).
Bacterial incubation in exudates and its effect on zoospore attraction. Attraction of Pythium zoospores, but not Aphanomyces zoospores, was strongly reduced towards exudates in which either of the bacterial strains had grown (Table 2) . Pythium zoospores were still attracted to exudates that were diluted with exudates in which the bacteria were incubated, indicating that B. cepacia AMMDR1 and 1324 do not produce significant amounts of zoospore repellent. During the time course experiment, attraction of Pythium zoospores was reduced to insignificant levels as soon as 24 h after inoculation of seed exudates with B. cepacia AMMDR1, at which point the bacterial population size was approximately 8 log CFU ml Ϫ1 (data not shown).
The attractiveness of exudates of seeds pretreated with B. cepacia 1324 to Pythium zoospores was significantly reduced compared to that of exudates from nontreated seeds. However, in contrast to the reduced attraction to exudates in which B. cepacia AMMDR1 was incubated, exudates of seeds pretreated with B. cepacia AMMDR1 remained attractive to zoospores. Zoospore attraction, bacterial population size, and seed exudate EC were significantly greater when exudates were generated with B. cepacia AMMDR1 present than when exudates were generated with B. cepacia 1324 present (Table 3) . When B. cepacia AMMDR1 was incubated in exudates that were generated in the absence of bacteria, the values for these parameters were not different as compared to the values obtained with B. cepacia 1324 treatment. A hypothesis consistent with the differences observed is that B. cepacia AMMDR1 but not B. cepacia 1324 increased seed exudation.
In situ dispersal assays with Pythium and Aphanomyces zoospores. There was a sharp decrease in the incidence of Pythium . Within each column, log 10 -transformed values followed by the same letter are not significantly different at the 1% level. The data are data from one of two similar experiments.
b Before dilution.
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on July 2, 2017 by guest http://aem.asm.org/ disease due to treatment of seeds with B. cepacia AMMDR1; the incidence of seed infection was reduced to Յ5% at all distances from the source of the inoculum (Fig. 2) . There was also a small, statistically insignificant decrease with B. cepacia 1324 treatment. However, the small reduction in the incidence of infection was statistically significant in a subsequent experiment performed with more replicates (n ϭ 10), in which only nontreated seeds and seeds treated with B. cepacia 1324 were compared (data not shown). The incidences of infection were 100 and 95% at 3 cm (P ϭ 0.099) and 93 and 79% at 4 cm (P ϭ 0.049) for nontreated and B. cepacia 1324-treated seeds, respectively. When averaged over distance, the P value for the factor bacterial treatment (nontreated versus B. cepacia 1324 treated) was 0.038. In contrast to the assay performed with Pythium zoospores, seed treatment with bacteria had practically no effect on the incidence of seedling disease in the assay performed with Aphanomyces zoospores (Fig. 3) . Treatment of seeds with B. cepacia AMMDR1 did not result in a significant reduction in the incidence of symptoms at any distance. There was a minor but statistically significant decrease (5 to 10%) compared to nontreated and B. cepacia 1324-treated seeds near the end of the experiment. B. cepacia 1324 had no effect at all on the incidence of symptoms. The average population sizes of the B. cepacia AMMDR1 and 1324 populations on the 1-cm root tip sections were 4.5 and 3.9 log CFU, respectively. The P value for a Student's t test comparing these means was 0.36 (the pooled standard deviation was 0.81 [n ϭ 4]).
Timing of in situ dispersal of Pythium zoospores. Zoospore dispersal from the inoculation site toward the periphery occurred fast; more than 50% of the seeds became infected, although the central core of substrate within the 3-cm-radius ring of seeds was removed as soon as 1 h after inoculation with zoospores, indicating that a considerable proportion of the zoospores had dispersed to the seeds within that time (Fig.  4A) . Zoospore longevity in microtiter wells declined only about 20% in the first 4 h of incubation at 28°C (Fig. 4B ). Even after 22 h of incubation, 18.5% of the spores were still motile.
Effect of seed exudation level on zoospore-mediated infection with Pythium. The EC of the steep water of single seeds incubated in 5 ml of Milli-Q water for 4 h was 96 Ϯ 50 S cm The means for inoculation distance (across seed treatment) were significantly different (P Ͻ 0.05) at all time points. The means for seed treatment (across inoculation distance) were not significantly different up to day 7. From that time on, symptom incidence was significantly less for the B. cepacia AMMDR1 treatment than for the other treatments. consisted of 10% of the seeds. The seed exudation level was not dependent on seed weight; a Student's t test on equality of the average seed weights in the two EC classes gave a P value of 0.44 (n ϭ 80). The correlation coefficient between the ECs of the steeping liquids from the first and second imbibitions was 0.81 with a P value of Ͻ0.001. Compared with high-exuding seeds, a significantly lower incidence of infection was observed with low-exuding seeds, but the difference was apparent only when the pathogen inoculum level was low (Fig. 5) .
DISCUSSION
This study allowed us to examine the effects of a biological control agent at specific early stages of the disease cycles of two oomycete pathogens and to partition the relative contributions of antibiosis and nutrient competition in this biological control system. The biocontrol agent B. cepacia AMMDR1 has direct effects on the zoospore homing responses of both oomycete pathogens in vitro. These effects appear to result from antibiosis, because the antibiosis-deficient mutant strain did not affect zoospore longevity or cyst germination. B. cepacia AMMDR1 and the mutant strain also had indirect effects on Pythium zoospore attraction through their effects on seed exudation, apparently by utilizing nutrients required for the zoospore homing response. However, neither bacterial strain influenced the attraction of Aphanomyces zoospores to seed exudates. In situ experiments demonstrated that B. cepacia AMMDR1 reduced the incidence of infection of seeds and roots by Pythium zoospores but not by Aphanomyces zoospores; experiments comparing the efficacies of the parent strain and the mutant strain suggested that biocontrol of infection of seeds by Pythium results largely from antibiosis.
The in vitro experiments indicated that B. cepacia AMMDR1 is able to interfere directly with several of the zoospore homing events; B. cepacia AMMDR1 but not B. cepacia 1324 caused zoospore lysis, prevented cyst germination, or inhibited germ tube growth in Aphanomyces and Pythium, indicating that there were strong direct effects due to antibiosis. The nature of the antibiotic is currently being determined by genetic and biochemical analyses, but it does not involve phenazines or 2,4-diacetylphloroglucinol (D. M. Weller, personal communication, 1998). B. cepacia AMMDR1 produces pyrrolnitrin, but considerable control of Pythium damping-off by pyrrolnitrindeficient Tn5 mutants indicates that this antibiotic is not the major factor involved in the control of Pythium species (46) .
Indirect effects of B. cepacia AMMDR1 were most clear for zoospore attraction, but only for Pythium; B. cepacia AMMDR1 and 1324 sharply reduced Pythium zoospore attraction to seed exudates when they were incubated in the exudates. Since no evidence for the presence of a zoospore repellent was found, the simplest explanation for the lack of attraction in treatments with B. cepacia AMMDR1 and 1324 is that the bacteria metabolize the zoospore attractants. In contrast to Pythium zoospore attraction, Aphanomyces zoospore attraction was only slightly reduced. The different natures of the attractants for Pythium and Aphanomyces zoospores are probably responsible for the difference in the abilities of the bacteria to reduce zoospore attractiveness. Zoospores of Pythium spp. are mainly attracted to common amino acids and sugars in seed exudates, such as glutamine, asparagine, sucrose, and mannose (14) . A. euteiches is also attracted to isoflavones and flavones, such as prunetin (54) . Unlike sugars and amino acids, isoflavones are difficult to metabolize (12) , explaining the attractiveness to Aphanomyces zoospores remaining after microbial incubation.
Although the timing of zoospore-mediated infection with Pythium is not well known, experiments on direct germination of sporangia indicate that pea seeds can be infected as soon as 10 to 12 h after planting (30, 37) . Therefore, for competition for exudates to have an effect in situ, metabolism of the exudates has to be fast (34) . When B. cepacia AMMDR1 was Zoospore longevity in an in vitro assay as reflected by the proportion of total spores (in microtiter wells) that were motile. Zoospores were incubated at the same temperature that was used in the main experiment. The error bars indicate 2 standard errors. For the data points without error bars the standard errors were smaller than the symbols.
FIG. 5. Effect of seed exudation level on
Pythium infection incidence at two pathogen inoculum levels (2 ϫ 10 4 and 2 ϫ 10 3 zoospores ml
Ϫ1
) with seeds planted 4 cm away from the inoculation site. The experimental unit in this assay consisted of one low-exuding seed and one high-exuding seed per cup. Within each pathogen level, the letters indicate significant differences at P ϭ 0.05. inoculated at a concentration of 10 6 CFU ml of exudate Ϫ1 , it took this organism 24 h to reduce the zoospore attractiveness of the exudates. This is similar to a system with Pythium ultimum sporangia and an Enterobacter cloacae strain, in which it took the bacteria 25 h to reduce the stimulatory activity of exudates to less than 10% when they were inoculated at a concentration of 5.6 ϫ 10 6 CFU ml Ϫ1 (63) . When exudates were generated in the presence of the bacteria, B. cepacia 1324 still reduced the attractiveness of the exudates. In contrast to B. cepacia 1324, the parent strain not only metabolized the Pythium attractants but also stimulated exudation. This was shown by a higher exudate EC, a larger bacterial population in the exudate, and attraction of zoospores to the exudates. The exudation stimulus was apparently sufficient to partly neutralize the decrease in zoospore attraction due to metabolism. The increase in exudation may have resulted from phytotoxicity effects on the seeds and emerging seedlings, caused by the artificially high numbers of bacteria obtained in this gnotobiotic system. Depending on the host and the concentration of the antibiotic, phytotoxicity is observed with several of the antibiotics commonly produced by biocontrol agents, such as phenazine-1-carboxylic acid, 2, 4-diacetylphloroglucinol, and pyoluteorin (24, 32, 33, 55) . No phytotoxic effect of B. cepacia AMMDR1 has ever been observed on pea seeds in the field, suggesting that in situ the size of the B. cepacia AMMDR1 population does not reach the size required to produce phytotoxic effects. Data on colonization of the pea rhizosphere with B. cepacia AMMDR1 support this observation (5, 27) . However, phytotoxicity is occasionally observed in the field when large populations of B. cepacia AMMDR1 are applied to sweet corn seeds, especially if the seeds are also treated with captan (9) .
The modified zoospore attraction assay performed with capillary tubes allowed quantitative testing of compounds at concentrations that resulted in large numbers of zoospores inside the capillaries. This was in contrast to previously described methods, in which spores were fixed and counted directly inside capillaries (2, 14, 23) . The dose-response patterns for zoospore attractiveness to exudates could be fitted to the same type of curve for Aphanomyces and Pythium, but the numbers of zoospores that entered the capillaries were much larger for Pythium than for Aphanomyces. Considering that the number of zoospores that entered the capillaries plateaued at concentrations greater than 0.5 mg of exudate ml Ϫ1 , it is unlikely that the difference in zoospore attraction was the result of a suboptimal concentration of attractants in the exudate. Although Aphanomyces zoospore attractants such as prunetin attract zoospores at much lower threshold levels than do certain amino acids and sugars (less than 0.1 M versus 1 mM) (14, 54) , the data obtained in this work suggest that a more sensitive receptor system does not necessarily result in accumulation of a larger number of zoospores at the source. Dose-response assays with purified chemicals are needed to confirm this.
Indirect effects due to competition for zoospore attractants could be tested with B. cepacia AMMDR1; by using at least 20-fold-diluted exudates and by restricting the assay time to 2 min, effects due to antibiosis could be avoided. However, in the other in vitro assays, antibiosis obscured potential indirect effects of B. cepacia AMMDR1. Therefore, indirect effects could be evaluated only with B. cepacia 1324. These indirect effects were not substantial and for the most part were not significant. The most important reason for this is probably that zoospore encystment and cyst germination are influenced more by Ca 2ϩ fluxes and/or host surface compounds than by host exudates (11) . Zoospores and cysts do not take up amino acids or glucose until germination (41) , and the effects of these compounds on zoospores and cysts are hypothesized to be indirect by facilitating Ca 2ϩ channeling across the membranes (11, 13) . Because the role of sugars and amino acids in zoospore encystment and germination is probably secondary, bacterial competition for these compounds in exudates probably cannot result in large effects on these events. In contrast to these results, Zhou and Paulitz (65) did observe a reduction in the encystment response of P. aphanidermatum after incubation of biocontrol bacteria in exudates. However, their assay was performed in a salt solution that itself had a strong effect on encystment, which made it difficult to determine whether the effects from the bacteria were ionic or organic in nature. Germ tubes do absorb sugars and amino acids, and the effects of exudates on germ tube length were clear. Therefore, indirect effects of the bacteria on this stage were expected to be greater. However, this was not reflected in a shorter germ tube length during the first hours with the B. cepacia 1324 treatment, presumably because nutrient concentrations became suboptimal only after a few hours, when the length of the germ tubes was already considerable and became difficult to measure.
Although in vitro assays may give a good indication of the potential for antagonism in situ, the interactions observed cannot necessarily be extrapolated to natural systems; the timing and spatial dynamics of host colonization by the bacteria, the dynamics of zoospore dispersal and host infection, and effects of the host on these events can all influence the outcome of the interactions. The bioassay in sand allowed us to study such interactions in situ. By using coarse sand with a high moisture content, we provided a substrate with a high proportion of large water-filled pores, which was optimal for zoospore dispersal (15) . High-moisture conditions also increase exudate diffusion and host exudation (7, 25, 59) , creating a large spermosphere or rhizosphere. Under these conditions, zoospore dispersal to peas was observed over distances of at least 4 cm for Pythium and at least 3 cm for Aphanomyces. Considering that these values refer to the distance between the center of the zoospore inoculation site and the center of the seed, the actual distance over which the zoospores need to disperse is up to 1 cm smaller than the values indicated above. The test in which sand cores were removed gave indirect but convincing evidence that zoospores and not mycelia were the propagules involved in dispersal and infection. The observed level of seed infection within 1 h (Ͼ50% at a distance of 3 cm) could not have been caused by cyst germination and mycelial growth (31, 57) .
In the main dispersal assay performed with zoospores, Pythium infection incidence was dramatically reduced when seeds were treated with B. cepacia AMMDR1. Only a small reduction in infection incidence was observed with B. cepacia 1324. Because B. cepacia 1324 colonizes seeds and roots (and presumably utilizes seed exudates) to the same extent as B. cepacia AMMDR1 (22, 46) , biocontrol with B. cepacia AMMDR1 seems to result primarily from antibiosis. Because bacteria were applied from plate scrapings, antibiotics could have been applied together with the bacterial cells, providing immediate protection. This is an advantage over a mechanism involving nutrient competition because it does not require that the bacteria grow rapidly during the first hours after planting, when seeds are vulnerable to infection by Pythium. In addition, the strong reduction in infection incidence could in part be due to a curative effect; B. cepacia AMMDR1 can stop an ongoing infection (22) .
In contrast to the results obtained for Pythium, Aphanomyces symptom incidence was barely decreased by coating seeds with B. cepacia AMMDR1. Once a pea seedling was infected with Aphanomyces, its growth through the root and expression of disease could be slowed with B. cepacia AMMDR1 but not stopped. Therefore, final symptom expression was considered representative of infection incidence. It is hypothesized that the lack of reduction in Aphanomyces infection incidence was caused by bacterial populations near the root tip, the site of Aphanomyces zoospore infection, that were not large enough for antibiosis to take place. Although roots were colonized with over 4 log CFU of B. cepacia AMMDR1 on the 1-cm root tip sections at the time of zoospore inoculation, this number is most likely too low for any appreciable amount of de novo antibiotic production to take place. Although several research groups have demonstrated with reporter genes (28) or with direct antibiotic isolation (4, 45) that in situ antibiotic production does occur and is directly related to biocontrol (62) , antibiotic production often is under the control of stationaryphase regulators or is dependent on quorum sensing and therefore population size dependent (43, 49, 50, 53, 64) . Populations of B. cepacia AMMDR1 near the root tip are expected to be relatively small, and cells are actively dividing, conditions under which the cells would not produce antibiotics. Once the antibiotics of B. cepacia AMMDR1 are identified, a reporter gene system can be constructed to test this directly.
Only one pea cultivar, one isolate of A. euteiches, and one isolate of P. aphanidermatum were used throughout this study. The level of biocontrol of Pythium damping-off can depend on the host genotype (26) but usually does not differ considerably except in cases of targeted breeding for improved interactions (56) . The lack of biocontrol of Aphanomyces probably also does not depend on the pathogen strain, as demonstrated with a system in which up to five different Aphanomyces isolates were used (1).
B. cepacia 1324, which does not exhibit antibiosis, was not effective at reducing Pythium infection incidence except at greater inoculation distances. When zoospores were placed 4 cm from pea seeds, coating seeds with B. cepacia 1324 reduced infection slightly (10%) compared to the results obtained with nontreated seeds. This reduction may be attributed to competition for zoospore-attracting exudates leaking from the seeds; the difference in the infection incidences of low-and highexuding seeds suggests that a reduction in nutrients diffusing from seeds could reduce infection in our system. Similar to the assay with B. cepacia 1324, this effect was significant only when pathogen inoculum pressure was reduced. There could be several reasons why B. cepacia 1324 reduced Pythium infection incidence by only 10%, even though there was complete metabolism of attractants in vitro. First, considering that infection in this system can take place as soon as 6 h after seeds are planted, the bacteria must start metabolizing the attractants in the exudates immediately. Since the timing of zoospore-mediated infection of seeds is not known, it is conceivable that the bacteria would have more time in a natural situation. Second, the nonlinear relationship between attraction and exudate concentration implies that zoospore attractants in exudates must be metabolized significantly in order to get even a small decrease in attraction. Potentially, the bacteria could be more successful in competing for nutrients from seeds that release small amounts of exudates, such as cucumber seeds, than they are in competing for nutrients from high-exuding seeds, such as corn and legume seeds (34) . Third, the zoospore inoculum density might have been too great to see an effect due to competition. Under such conditions, sufficient zoospores can get close enough to the seeds to locate those with a reduced spermosphere. This was also observed in assays involving a high P. ultimum inoculum potential, in which the level of soybean damping-off was not influenced by the level of exudation by the seeds (51) . Fourth, effects due to competition have no curative effect. In contrast, effects due to antibiosis can stop an ongoing infection in a portion of infected seeds (22) .
Aphanomyces infection incidence was not decreased by B. cepacia 1324. This was not unexpected. First, in vitro assays revealed that Aphanomyces zoospore attractants were not metabolized by B. cepacia 1324. Second, even if the bacteria could have metabolized the attractants, the bacterial populations may have been too small (approximately 4 log CFU cm
) to sufficiently metabolize the attractants. Successful competition by an introduced bacterium can take place only if the organism is present at concentrations higher than the concentrations in the resident population or if it can metabolize a critical compound that the resident bacteria cannot metabolize. In the system with Aphanomyces, B. cepacia 1324 was not present on root tips at concentrations higher than the concentrations of the resident bacteria, nor was it able to metabolize the critical compound(s).
In conclusion, B. cepacia AMMDR1 interfered strongly with most homing and infection events in the life cycle of Pythium but not in the homing and infection events of Aphanomyces. Most of the effects against Pythium were the result of antibiosis, but under low pathogen inoculum potential conditions, a small reduction in infection incidence was obtained as a result of competition for zoospore-attracting seed exudates. The lack of an effect against Aphanomyces was most likely due to the inability of the bacteria to colonize and exhibit antibiosis in the root tip zone, the preferred site of infection of Aphanomyces. A biocontrol strain with constitutive expression of the antibiotic(s) might be more successful in reducing infection by the pathogen.
